Onion (Allium cepa) is an economically important crop in the United States, generating over $900 million annually in farm receipts from 2000 to 2004 (88) . U.S. onion production area ranges from 65,000 to 70,000 hectares annually, with over 80% of the summer production (54,000 hectares) in the western states. On average, 53 million metric tons of onion bulbs are harvested annually from nearly 3 million hectares worldwide. A significant portion of the U.S. and world supply of onion seed is produced in the western United States, primarily in the Pacific Northwest (124) .
The genus Allium includes various economically important cultivated species, including the bulb onion, chive (A. schoenoprasum), garlic (A. sativum), and leek (A. porrum) (10) . At least 18 other Allium species are consumed as fresh vegetables, pickled, or used as flavoring. However, the bulb onion is the most economically valuable species. On average, worldwide production of garlic is valued at about 10% that of the bulb onion (10) . Leek and bunching onion are the next most valuable species, with production concentrated in Europe and the Orient, respectively. Bunching onion (A. fistulosum) production also is important in some areas of the United States, such as California.
The distinctive flavor or odor of Allium spp. is produced when plant tissues are bruised or cut, and the enzyme alliinase hydrolyzes S-alk(en)yl cysteine sulfoxide precursors to form volatile sulfur compounds (10) . Onion, garlic, and their relatives, although primarily grown for food, are also used in traditional medicine, including the treatment of chicken pox, the common cold, influenza, measles, and rheumatism. Antimicrobial characteristics of alliums are likely the result of sulfur compounds. Research has demonstrated that extracts of onion and garlic decrease sugars, lipids, and platelet aggregation, and enhance fibrinolysis in blood, indicating that alliums may help prevent arteriosclerosis and other cardiovascular diseases (111) .
History of Iris yellow spot virus in the United States and the World
A pathogen, described as Tomato spotted wilt virus (TSWV), was reported affecting onion inflorescence stalks (scapes) in southern Brazil in 1981 (28) . The disease was characterized by symptoms of chlorotic and necrotic eye-like or diamondshaped lesions on scapes (97) , and later was referred to as "sapeca" (97) . Similar symptoms were observed in the United States in summer of 1989 in onion seed crops in the Treasure Valley of southwestern Idaho and eastern Oregon (USA) (78) . Symptoms appeared as chlorotic or necrotic, straw-colored to white, dry, elongate or spindle-shaped lesions along the scape, with lesions frequently more numerous at mid-to lower portions of the scape ( Fig. 1A to E). In some lesions, an island of green tissue developed in the center of the necrotic area (Fig. 1C) . When lesions became large and numerous, they coalesced, often completely girdling the scape. This weakened the scape, causing the seed head to collapse and topple over (Fig. 1G) . Patterns of disease incidence in fields or locations were not apparent, nor was there any association with host genotype or cultural practices. Estimated yield losses in individual fields ranged from insignificant to nearly 60% (78) .
Transmission electron microscopy of extracts and thin sections of symptomatic scape tissue revealed the presence of virus particles morphologically similar to TSWV (51) . Inoculation of Gomphrena globosa with sap prepared from symptomatic tissues resulted in development of necrotic lesions; however, serological tests for TSWV and Impatiens necrotic spot virus (INSV) were negative. Together, these results indicated the possible involvement of a new tospovirus (77) , although tospoviruses infecting onion had been reported previously (60, 120) . Subsequently, Moyer and Mohan (83) and Hall et al. (51) reported the transmission of two tospovirus-like viruses from symptomatic scapes to Nicotiana benthamiana. One group of isolates reacted strongly with polyclonal and monoclonal antisera to INSV, whereas the second group of isolates did not react with INSV or TSWV antisera. In 1992-93, this new onioninfecting tospovirus was detected in vegetative tissues of onion seed crops from Idaho, Oregon, Arizona, and California (USA) by inoculation of N. benthamiana followed by Western blot analysis. The virus was also detected in leek and chive seed crops in Idaho (K. Mohan and J. Moyer, unpublished) . The disease in Brazil was not reported from that country again until 1994, when it was detected in northeastern Brazil (97) ; the authors of the report described the causal agent of sapeca in onion as a tospovirus with a serologically distinct nucleocapsid protein.
In 1998, Cortes et al. (18) described Iris yellow spot virus (IYSV) in the Netherlands as a new tospovirus naturally infecting iris (Iris hollandica) in the field and leek in the greenhouse. Near the same time, Gera et al. (45) reported that IYSV caused a disease referred to as "straw bleaching" on onion in Israel, which was characterized by straw-colored ring spots on leaves ( Fig. 2A and B) and flower stalks that sometimes coalesced and caused premature plant death (Fig. 3A) . The following year, an isolate of the tospovirus causing sapeca was identified as IYSV based on biological, serological, and molecular data (96) . Kritzman et al. (61) reported natural IYSV infection of lisianthus (Eustoma russellianum) grown in the field in Israel. The "onion isolate" of the tospovirus identified in the United States from 1989 also proved to be IYSV based on molecular and serological data (82) .
Based on recent accounts, IYSV is now known to occur on onion in the following locations: 1999, India (63, 99) With increased awareness of the characteristic symptoms of iris yellow spot, together with the availability of rapid diagnostic protocols, it is likely that IYSV will be found in onion crops in many other parts of the world. Some evidence suggests iris yellow spot, or a disease with similar symptoms, may also be caused by TSWV or co-infection of TSWV and IYSV. Mullis et al. (85) found that nearly 7% of the onion plants with iris yellow spot-like symptoms in Georgia (USA) were infected with TSWV and IYSV. TSWV has not been reported on onion outside of Georgia (USA), and the significance of TSWV infection or co-infection with IYSV on onion remains speculative.
To date, at least 47 plant species have been reported to be infected naturally by IYSV under field conditions (7, 18, 31, (43) (44) (45) 47, 61, 85, 86, 93, 103 (Lycopersicon esculentum) in Tunisia. It is unclear if these hosts were infected naturally or by artificial inoculation, and what, if any, disease symptoms were produced on these hosts. To our knowledge, this is the only report of IYSV infection of solanaceous hosts, other than Nicotiana benthamiana and N. rustica indicator plants (51, 96) . Gent et al. (41) reported the rapid expansion of iris yellow spot in onion production regions of Colorado (USA). In two years, iris yellow spot went from being detected in 6 to 73% of the fields surveyed in the eastern and western production areas, but it was not detected in onion fields in northeastern and southern Colorado (USA) until 2004 and 2006, respectively. The epidemic of iris yellow spot in Colorado (USA) in 2003 was estimated to have cost growers $2.5 to $5.0 million in farm receipts alone, based on a conservative 5 to 10% loss of a $50 million annual revenue (H. F. Schwartz and D. H. Gent, unpublished) . If this rate of spread and damage were to continue, projected economic impact in the western United States could reach $60 million (10% loss) to $90 million (15%), in addition to environmental and economic costs due to additional pesticide sprays for thrips control ($7.5 to $12.5 million dollars for three to five additional sprays on 48,500 hectares per year). Iris yellow spot represents an immediate and serious threat to sustainable and productive onion cropping systems in the United States, and the recent detection of this disease in numerous onion-producing countries underscores the need to develop economically sound and effective IPM strategies (8) .
Epidemiology of Iris Yellow Spot and the Onion Thrips Vector
Onion thrips as a vector of IYSV. IYSV is transmitted by the onion thrips, Thrips tabaci (18, 62, 87) . Transmission of IYSV has not been reported with populations of Frankliniella occidentalis or F. schultzei (62, 87) , although these thrips species have a broad host range and are efficient vectors of other tospoviruses on numerous plants (55, 66) . Studies in Israel demonstrated a positive relationship between the incidence of T. tabaci in onion crops and the incidence of plants infected with IYSV (62) . Similar to other tospoviruses (126, 128) , IYSV is thought to be acquired by larvae of T. tabaci, with transmission occurring by second larval instars and adults only after circulation and replication in the vector.
Spatial and temporal patterns of iris yellow spot epidemics. The spatial and temporal patterns of spread of iris yellow spot in onion crops are largely unknown. Disease incidence varies within and among onion fields and depends on cultivar, plant population, and location in the field (41) . Distinct directional disease gradients commonly are observed in fields during epidemics (Fig. 3B ), but the significance and basis of these disease gradients remain unclear. In Colorado (USA), disease gradients were not consistently related to prevailing wind direction or the bordering crop (41) , but more likely reflected a complex interaction of host susceptibility related to plant stress, proximity to an inoculum source, and vector dispersal and abundance over time. A low but significant degree of spatial autocorrelation in disease incidence has been documented in onion bulb crops (41) , indicating aggregation of diseased plants and possibly secondary spread of the virus within fields.
The severity of epidemics of iris yellow spot varies from year to year, although the incidence of symptomatic plants generally increases markedly after bulb initiation. In preliminary studies, Fichtner et al. (38) and Hammon (52) found only trace levels (<3% incidence) of symptoms were apparent in onion fields before bulb initiation, with the incidence of disease increasing to 40% or greater as plants approached maturity. The timing of plant infection by IYSV remains uncertain. Surveys of summer bulb crops in eastern Colorado (USA) found a low incidence (<2%) of infected plants soon after emergence (38) . However, the timing of infections varies among onion bulb and seed crops. Although severe seedling infection was documented in one fall direct-seeded onion seed crop in Washington, symptoms typically develop most rapidly in onion seed crops after emergence of the scapes in late spring in this region (35) . In Georgia (USA), infections appear to occur in the fall soon after planting, which can cause stand establishment problems; whereas severe epidemics of the disease have not been reported closer to harvest (85) .
The association in space and time of populations of T. tabaci with outbreaks of iris yellow spot has been suggested in several studies (38, 62) , although quantitative evaluations of the relationships of vector populations with iris yellow spot epidemics have not been reported. Kritzman et al. (62) suggested a relationship between populations of T. tabaci and the incidence of IYSV infection on onion crops in Israel, although the association of disease with population density of the vector was not quantified.
Detection of IYSV in onion plants. IYSV is distributed unevenly within onion plants. The highest titers of the virus are usually detected in the inner (younger) onion leaves at the center of the whorl or neck, the site where thrips preferentially reside and feed (62) . Unlike TSWV, IYSV infections do not appear to become systemic in onion or other host species, and reliable detection of IYSV using enzymelinked immunosorbent assay (ELISA) can be problematic. The virus typically is not present in all leaves, and generally only is detected by ELISA in tissue sampled within 30 to 50 mm of visible lesions (S. F. Fichtner and H. F. Schwartz, unpublished) . Although ELISA has been used extensively for detection of IYSV (18, 21, 41, 47, 62, 103, 117) , detection sensitivity is relatively low, and false negative results, even from symptomatic tissues, have been reported (33, 41) . Problems with false negatives can be reduced by macerating tissues in liquid nitrogen prior to the addition of extraction buffer in ELISA (41), or by using reverse-transcription polymerase chain reaction (RT-PCR) assays to detect IYSV (16, 18, 21, 33, 90, 93) . Smith et al. (117) reported false positive results with ELISA, and they developed a modified procedure and sampling protocol to minimize false positives and improve the reliability of IYSV detection from leek.
IYSV does not appear to be seedborne or seed-transmitted in onion (62) . Kritzman et al. (62) did not detect IYSV in the bulbs or roots of infected onion or Hippeastrum plants in Israel. Roubene-Soustrade et al. (103) surveyed onion production fields in Reunion Island, France, and found that 75% of symptomatic leaves and 27% of bulbs tested positive for IYSV using ELISA. This is the only report of bulb infection by IYSV, but it suggests there is a potential for spread of IYSV by distribution of infected bulbs or culled bulbs, as documented for TSWV in the bulbs of Dahlia sp. (29) .
Population structure and sequence characteristics of IYSV isolates. IYSV belongs to the genus Tospovirus and consists of a segmented genome with three genomic RNAs: large (L), medium (M), and small (S) (81) . Considerable serological divergence exists among tospoviruses, as indicated by a lack of cross reaction among antisera to some of the distinct virus species within the genus (18, 96) . The nucleotide sequences of the M and S RNAs of IYSV are available, making PCR-based detection of the virus now possible (17, 18, 60, 61, 92, 96 gel electrophoresis for the nucleocapsid protein of these isolates was consistent with those published for a Dutch isolate of IYSV (18) . The amino acid sequence of the nucleocapsid protein of an onion isolate of IYSV showed 99% identity with a lisianthus isolate, and the two isolates showed 96 and 91% identity with a Dutch and a Brazilian isolate of IYSV, respectively (61) . Phylogenetic analysis of the nucleoprotein sequence of IYSV isolates from the western United States revealed three distinct populations (92) (Fig. 4) . One clade (I) consisted largely of U.S. isolates (California, Colorado, Idaho, Oregon, Texas, Utah, and Washington). Within clade I, subclade Ia had two isolates from Japan, while subclade Ib consisted of isolates from the western United States. Clade II largely consisted of isolates from other countries with the exception of isolates from California and Oregon. The clustering of isolates from California in clades I and II was reported recently (92) , and may suggest multiple introductions of IYSV at different times. IYSV isolates from Brazil and Slovenia showed significant divergence from those in clade II. Isolates from Chile formed a third clade which was reported to contain isolates from Georgia (USA), Peru, and Guatemala (89) . The clustering of Georgia isolates with those from Peru suggests possible introduction of IYSV from Peru (89) . Overall, phylogenetic analysis based on the N protein sequences indicates clustering of isolates based on geographic origin to some extent. Such divergence based on geographic origin was also noted for TSWV (94, 125) , and is consistent with earlier reports for IYSV (1). Abad et al. (1) also detected a subgroup of isolates from infected chive, and suggested that this group may constitute a tospovirus that is distinct from IYSV.
The implications of the genetic diversity among isolates of IYSV remain speculative, although molecular studies point to multiple introductions of IYSV into the western United States. Genetic diversity among isolates of IYSV may indicate ecological or host specialization. Pozzer et al. (96) detected 9.5% divergence in the amino acid sequence of the nucleocapsid protein of an isolate of IYSV from onion in Brazil (designated IYSV BR ) compared with an isolate from iris in the Netherlands. They suggested this divergence reflected an adaptation of the two isolates to different environmental conditions, as supported by differences in host range and host response. Unlike TSWV (128), genetic diversity among isolates of IYSV has not been associated with differences in vector specificity (18, 62, 87) .
Overwintering and alternate hosts. Numerous annual and perennial weeds serve as sources of TSWV and its thrips vectors, especially in the southeastern United States (50) . Similarly, T. tabaci has an extremely broad host range, including weed hosts, especially common winter annuals such as mustard species. These weed hosts may serve as overwintering hosts for IYSV and the onion thrips vector in some onion-producing regions. Preliminary surveys of common weed species in and around onion fields with a history of iris yellow spot in Colorado Isolate designation is the state or country of origin and host from which IYSV was recovered. Isolates were from onion unless indicated by the name of the host following the origin; all Washington isolates were from onion except Washington4, which was from shallot. The phylogenetic tree was made based on 1,000 puzzling steps and was generated as an unrooted tree. The percent reliability value given above each branch indicates how often the corresponding cluster was found among the 1,000 intermediate trees. Vertical length of the branches is arbitrary.
Hippeastrum are thought to contribute inoculum for successive crops (62) .
The association of IYSV with volunteer onion plants has been well established. In Colorado (USA), IYSV has been detected in volunteer onion plants, originating from bulbs left in the field at harvest, growing in ensuing crops of dry bean, alfalfa, field corn, and carrot (41) . Symptomatic volunteer onion plants were detected as early as 1 March, nearly 4 weeks before the summer onion crop was planted, suggesting infected volunteers may provide a biological "bridge" between onion crops. IYSV typically is not present or detectable in onion bulbs or roots (62, 85) , so the means by which volunteers become infected is uncertain. Volunteer onions may become infected soon after emergence early in the spring as a result of feeding by overwintering viruliferous thrips associated with the bulbs or with nearby plant debris. Alternatively, volunteers may initially be free of IYSV, and become infected by viruliferous thrips migrating from infected, and so far unidentified, overwintering weed host(s).
During The importance of overwintering of IYSV in diapausing or quiescent thrips in the soil, or associated with plant debris, has not been investigated, but overwintering of viruliferous thrips in soil potentially could be a source of inoculum. However, overwintering of TSWV in F. fusca and other thrips vectors in the soil generally is minimal, and largely has been discounted as a primary means of survival of this virus (6, 14, 50) .
Epidemiological aspects of IYSV that differ from other tospoviruses. Although many epidemiological characteristics of iris yellow spot are similar to diseases caused by other tospoviruses, certain epidemiological and biological characteristics of IYSV appear distinct. Vector and host specificity appear to be narrower for isolates of IYSV compared with other to- (46, 62, 87, 126) . More than 650 species of plants from over 50 families have been reported as hosts of TSWV (46, 126) , but the host range of IYSV appears more limited, with most natural hosts in the Liliaceae (82). As stated above, at least 47 plant species have been demonstrated to be infected naturally by IYSV in the field. Although the host range of T. tabaci is very broad (66) , the host range of IYSV is relatively limited and few of the known hosts are present at a time that would enable overwintering of the pathogen.
The propensity of thrips to develop very large populations on onion in short periods of time may strongly influence epidemics of iris yellow spot. Onion is a preferred host for T. tabaci, and this vector is a major pest of onion wherever it is grown (66) . In contrast, tomato is a poor reproductive host of F. occidentalis, which is one of the primary vectors of TSWV on this crop (100). Lewis (65) estimated that 1 hectare of onion may contain 1.6 billion thrips larvae, a tremendous population size given the small stature of onion plants. If left untreated, thrips populations commonly approach 13 to 25 per leaf, although populations as low as 1 to 3 thrips per leaf are capable of causing economic injury in the absence of iris yellow spot (37, 39, 114) . The potential for large outbreaks of thrips, particularly in the warm and dry growing conditions found in much of the western United States, and the potential for thrips to predispose plants to disease may be central to the epidemiology of iris yellow spot.
Secondary spread of IYSV may be significant in disease epidemiology, although secondary spread of other tospoviruses generally has been regarded as of little consequence to epidemic development (13, 22, 26, 48, 72, 73, 98) . Several studies have suggested that secondary spread of tomato spotted wilt within fields is limited, and the general failure of insecticides to provide disease suppression is often ascribed to the lack of secondary spread of thrips within fields and the nearcontinuous immigration of viruliferous thrips into fields from weeds and/or other crops (13, 22, 26, 48, 72, 73, 98) . This is reasonable given that TSWV has a broad host range and commonly is found in weed populations (26, 47) . Most studies of the spatio-temporal aspects of diseases caused by tospoviruses have been conducted with TSWV and crops of relatively large stature, such as tobacco and tomato. In contrast, the small stature of onion plants allows for dense plantings, compared with tobacco or tomato, and thrips may readily move between adjacent onion plants. Fichtner et al. (38) and Gent et al. (41) reported a small but significant degree of spatial autocorrelation in the incidence of iris yellow spot within onion fields in Colorado (USA). Here, iris yellow spot was first observed on the borders of the fields, but disease gradients later developed and extended into the fields. Disease gradients extended farther into the field and flattened with time, consistent with secondary spread of the disease from initial infection sites. Correspondingly, Hammon (52) observed a negative correlation between thrips control with insecticides and subsequent development of iris yellow spot. This suggests that secondary spread of viruliferous thrips may play a role in disease development.
Adopting management practices for iris yellow spot based primarily on research conducted on tospoviruses in other crops is further complicated by the limited ability of onion growers to modify cultural practices. For instance, altering planting dates and/or tillage systems and the use of UVreflective mulches have reduced tomato spotted wilt incidence in several crops (26, 69, 80, 101, 102, 112, 118) . Onion bulb and seed growers in the United States have had limited capacity to adopt these strategies because of the relatively short growing season of the more northern regions of onion production in the United States (necessitating uniform and early planting dates), the small size of onion seed (making limited or no-tillage practices impractical), and dense planting patterns (limiting the usefulness of UV-reflective mulches).
Management of Iris Yellow Spot and Thrips
Host resistance to thrips and iris yellow spot. Yield losses in onion crops caused by T. tabaci have been documented for decades, and still occur in most areas of onion production (66) . Similarly, a wide range of yield losses associated with iris yellow spot has been documented in onion bulb and seed crops (34, 35, 42, 43, 70, 76, 96, 110) . Losses resulting from thrips infestations depend on multiple factors, including size of thrips populations, conduciveness of weather conditions for growth of thrips populations, plant growth stage at the time of infestation, and susceptibility of cultivars to thrips feeding and oviposition damage and/or infection by viruses vectored by thrips (66) . Although this complicates efforts to select for resistance to thrips and/or iris yellow spot in breeding programs, variation in susceptibility or tolerance to thrips among onion cultivars has been documented (9, 20, 39, 56, 64, 79, 107, 116, 127) . Likewise, differences in susceptibility of onion cultivars to iris yellow spot have been reported (34, 42) . These findings highlight the potential role of breeding for resistance/tolerance to thrips damage and IYSV for more effective disease management.
Various mechanisms of antixenosis (morphological, physical, or structural plant traits that prevent or inhibit herbivores from finding, colonizing, and accepting the plant) and antibiosis (plant characteristics that prevent or inhibit development or reproduction of herbivores) have been associated with resistance to thrips in onion (66). Jones et al. (56) reported that a greater angle of divergence of the two innermost leaves and the vertical distance between leaf blades in the sheath column are associated with greater resistance of onion cultivars to thrips. Similar observations were made by Coudriet et al. (20) and Fournier et al. (39) . Presumably, greater openness between the leaves increases thrips exposure to adverse environmental conditions and natural enemies, because thrips seek out narrow spaces on plants, such as leaf sheaths and inflorescences, to live and reproduce (66) .
Although some research has indicated that white onion cultivars appear less susceptible to thrips damage than red cultivars (2, 64, 107, 127) , this generalization does not always hold true. Brar et al. (9) screened 61 onion cultivars or breeding lines for resistance to T. tabaci and concluded that susceptibility of onion cultivars was not necessarily correlated with bulb color. In contrast, a strong correlation was demonstrated between thrips resistance and onion leaf color. The greater attraction of T. tabaci to blue hues versus green hues (27, 58, 68) suggests that onion cultivars with blue-green foliage may suffer more damage from thrips feeding than cultivars with green foliage. Cultivars with glossy foliage tend to have a greater degree of resistance to thrips than cultivars with nonglossy foliage, probably because of differences in chemistry of the leaf waxes (71, 79) or decreased egg-hatching or larval feeding (106) .
Al-dosari (2) quantified the tolerance of onion cultivars to onion thrips and found little evidence of differences in T. tabaci host suitability among cultivars (antixenosis and antibiosis resistance mechanisms). However, the cultivars varied widely in their response to onion thrips injury (tolerance resistance mechanism). Some cultivars suffered high losses from thrips, whereas others with similar levels of thrips infestation consistently had little or no yield response from thrips control. It is unclear if increased tolerance to thrips feeding injury will reduce iris yellow spot since tolerant cultivars may have higher economic-action thresholds for insecticide treatments.
Another potential method of minimizing losses to thrips and/or iris yellow spot is to take advantage of klendusity, i.e., the ability of an otherwise susceptible plant or cultivar to escape disease as a result of the pattern of growth or any mechanical hindrance to infection. For example, early maturing cultivars of onion may escape thrips infestations later in the season (127) . More severe losses to iris yellow spot have been observed in hybrid and open pollinated seed crops in which the parental lines produce tall scapes that lodge more readily during windy conditions than scapes of shorter stature, if large or coalescing iris yellow spot lesions develop on the scapes of both plant types (35; L. J. du Toit, unpublished) (Fig. 1G) . A negative correlation was demonstrated between seed yield and the incidence of scapes that lodged as a result of iris yellow spot lesions (r = -0.84, P = 0.0093) in an openpollinated seed crop with tall scapes (32) . In contrast, very little lodging (<1%) was observed in a hybrid seed crop with short scapes that displayed a similar incidence of infection (>80% of the scapes infected) to the open-pollinated seed crop (L. J. du Toit, unpublished). Seed growers located in regions with high risk of iris yellow spot could perhaps plant seed crops of cultivars that produce shorter scapes to reduce the risk of lodging and subsequent seed losses as a result of IYSV infection.
Efforts to screen onion cultivars for resistance to iris yellow spot revealed no cultivar or advanced breeding line that appeared to be immune to IYSV (34, 42) . Complicating efforts to screen for resistance is the difficulty of differentiating resistance to thrips damage from resistance to iris yellow spot, along with inherent differences in yield potential among cultivars. In a 2004 field trial in Washington (USA) in which 46 onion cultivars were evaluated in replicated plots, the incidence of plants with symptoms of iris yellow spot ranged from 58 to 97% for individual cultivars (34) . Similarly, field trials in Colorado (USA) showed a range in incidence of infected plants from 17 (42, 110) . Significant differences in marketable yield were detected among cultivars in all three trials. In the 2004 trial in Washington (USA), significant negative correlations were detected between incidence of plants with symptoms of iris yellow spot and total marketable yield (r = -0.43 at P = 0.0029) or percentage of jumbo bulbs (r = -0.41 at P = 0.0046) (34) .
Sanitation. Elimination of volunteer onion and planting of transplants free of IYSV and thrips are central to successful management of iris yellow spot in allium production. In Colorado (USA), severe epidemics of iris yellow spot in summer onion crops sometimes can be traced to infested volunteer onions or contaminated onion transplants (42, 110) . Volunteer onion plants and contaminated transplants are the only sources of primary inoculum identified to date in the High Plains region of the United States, and may provide an important early-season source of inoculum to initiate outbreaks in neighboring onion crops. Interstate movement of infected onion transplants also could facilitate the spread of new strains of IYSV and biotypes of T. tabaci within and among regions of onion production.
The importance of weed control in management of iris yellow spot is unknown. Culbreath et al. (26) asserted that for a plant to be an important source of inoculum of TSWV it must: (i) be a host for the virus; (ii) support reproduction of the vector for at least one generation; (iii) allow for thrips larvae to acquire the virus; and (iv) be present at a time that complements the disease cycle. Based on these conditions, no weeds have been confirmed as important sources of IYSV. However, the known host range of IYSV is increasing steadily, and important reservoirs of the virus in weeds, other crops, and wild Allium species may yet be identified. Therefore, it may be prudent to eliminate from areas of onion cultivation any wild, ornamental, or volunteer plants closely related to Allium species, as well as other known hosts of IYSV. Several summer annual weed species have been identified as hosts of IYSV, and these weeds may be important for within-season spread of the virus, or may provide a biological bridge between summer bulb crops and seed or bulb crops planted later in the season and lateseason winter annual weeds.
Crop rotation and isolation. Current understanding of the biology and epidemiology of IYSV and its vector is somewhat limited for development of effective crop rotation and crop isolation strategies. However, some general observations can be considered. The relatively limited host range of IYSV suggests that rotations of host with nonhost crops and spatial isolation of host crops may help limit spread of the virus within a region. Because the biennial season of onion seed crops provides a continuous "green bridge" for survival of IYSV and its vector through the winter, onion bulb and seed crops should be isolated geographically. Sufficient crop isolation may be critical in regions such as the Pacific Northwest (USA), where biennial seed crops, overwintering bulb crops, and summer bulb crops may be located in the same areas and have growing seasons that overlap by several months (35) . Unfortunately, research on the isolation distances needed to prevent spread of IYSV among host crops is lacking, so current recommendations emphasize maximum separation among fields. Similarly, other hosts (i.e., chive, garlic, leek, and shallot) of IYSV should not be grown in the vicinity of onion crops.
Modified cultural practices. Modification of cultural practices may reduce the risk of severe epidemics of iris yellow spot. Consistent with reports of tomato spotted wilt in other cropping systems (11), increased and more uniform plant density appears to provide some control of iris yellow spot in onion crops. Gent et al. moderately resistant onion cultivars. Plant population sometimes explained greater than 56% of the observed variability in disease incidence. This effect of plant population was not as apparent with more susceptible cultivars, and the significance of planting pattern on development of iris yellow spot remains unclear.
In general, there appears to be a relationship between plant stress, predisposition to damage by thrips, and severity of iris yellow spot (75, 110) , although no studies have quantified the contribution of abiotic and biotic stresses to development of iris yellow spot. A sensible recommendation for pest management and production strategies, where possible, is to reduce stress to the onion crop from moisture extremes, compaction, and soilborne diseases such as pink root (caused by Phoma terrestris) and Fusarium basal rot (caused by Fusarium oxysporum f. sp. cepae). More research is needed on the role of plant stress and predisposition of onion to iris yellow spot.
In preliminary surveys conducted in Colorado and Washington (USA), overhead irrigation has consistently been associated with a reduced incidence and severity of iris yellow spot (35, 110) . However, quantitative estimates of disease suppression provided by overhead irrigation are lacking. Thrips populations often decline in response to heavy rain (59), and overhead irrigation has been suggested as a means of suppressing thrips pests in various crops, including onion (12, 95) . The interactions of irrigation, thrips populations, and iris yellow spot may be more complex than simply associated with mortality of thrips caused by overhead irrigation. Yield losses in onion resulting from thrips feeding injury are increased by stress from inadequate water supply (39, 95) , and separating the effects of irrigation on thrips mortality from alleviation of moisture stress may be difficult. Further studies are warranted to determine the importance of irrigation method and management on suppression of iris yellow spot and onion thrips.
Thrips management. Onion growers in the western United States rely heavily on insecticides for management of thrips, and insecticidal management of T. tabaci as an indirect means of controlling iris yellow spot has been an area of study in recent years (23, 52) . However, conventional insecticides such as the pyrethroids, organophosphates, and carbamates have become ineffective in some regions of onion production because of development of insensitivity to these insecticides in thrips populations (3, 113) . Research is underway to identify reduced-risk and new insecticides for managing thrips (53, 54) . For example, the insecticides spinosad and neem extract have shown promise for managing thrips in onion crops, based on studies conducted in Colorado and Oregon (USA) (53,54; S. F. Mulches have been used to manage insect pests in many cropping systems (30, 80) . Reflective mulches can reduce thrips populations by disrupting the ability of the thrips to recognize and alight on host plants, and UV-reflective mulches have proven useful in crops such as tomato for reducing thrips populations and development of tomato spotted wilt (30, 80, 121) . Unlike tomato crops, in which entire planting beds can be mulched, applying a UVreflective mulch to onion beds with multiple rows of plants is not practical, and studies in Colorado (USA) revealed only marginal reductions in thrips populations as a result of reflective mulches applied to the center of beds planted with two rows of onions. However, straw mulching appears promising for thrips management in onion crops (53, 54) . In studies conducted in Colorado in 2005, straw mulch applied to the center of onion beds reduced thrips populations by as much as 48% (S. F. Fichtner, H. F. Schwartz, and W. S. Cranshaw, unpublished), with a corresponding increase in yield of 14% or greater. Although there was no apparent effect of the straw mulch treatment on iris yellow spot in these trials, additional studies are in progress to determine if straw mulching may suppress this disease. The mechanism(s) by which straw mulch suppresses thrips populations is not known, but conservation of natural predators of thrips has been suggested (53, 54) . In field trials in Colorado (USA) in 2004 and 2005, differences in populations of minute pirate bugs (Orius tristicolor) and predatory thrips were not observed between different mulch types, although differences in light reflectance were detected between nontreated and straw-mulched plots. The mechanism of thrips suppression may also be indirect. Shock et al. (115) reported that, in the absence of thrips pressure, straw mulches applied to irrigation furrows increased onion yields by 64 to 74% due to decreased water runoff and increased lateral movement of soil moisture in mulched plots. Straw mulching may alleviate water stress in hot and dry growing conditions, potentially increasing onion tolerance to thrips feeding and indirectly increasing plant tolerance to iris yellow spot (39, 95) .
Systemic acquired resistance. Improved management of plant diseases caused by tospoviruses in other cropping systems has been achieved through induction of systemic acquired resistance (SAR), most often through the application of exogenous chemicals such as salicylic acid or its structural analogs (15, 49, 57, 119) . SAR is an induced plant resistance that is first localized to the site of infection, and then spreads systemically to distal noninfected tissues remote from the initial site of infection (119) , triggering a range of defense mechanisms that include formation of phenolics, phytoalexins, callose, pathogenesis-related proteins, and hydroxyproline-rich glycoproteins.
Acibenzolar-S-methyl (Actigard, Syngenta Crop Protection, Greensboro, NC, USA) is a structural analog of salicylic acid in the benzothiadiazole class of SAR inducers (49) . This SAR product has been demonstrated to minimize damage caused by a range of fungal, bacterial, and viral plant pathogens (4, 5, 15, 40, 49, 67, 91, 104) . The potential value of SAR compounds for control of iris yellow spot was demonstrated by Gent et al. (42) in a field trial in Colorado (USA), in which a 34% reduction in incidence of plants with symptoms of iris yellow spot was observed, compared with nontreated controls, following four foliar applications of acibenzolar-Smethyl, with a corresponding increase in jumbo grade bulbs. In Florida, applications of acibenzolar-S-methyl reduced the incidence of tomato plants infected with TSWV by 28% in each of two seasons with high disease pressure, but had no significant effect on TSWV in a season with mild disease pressure (80) . Applications of acibenzolar-S-methyl also reduced numbers of thrips (Frankliniella spp.) in tomato flowers on some dates, corroborating the work of Thaler et al. (122, 123) who established that applications of salicylic acid induce defensive proteins in plants that provide resistance to certain insects, including thrips. Data from field trials suggest acibenzolar-S-methyl may have little effect on thrips populations in onion crops (23) , indicating that the effects of the product on iris yellow spot are a result of suppression of the virus rather than the vector and/or enhancement of host tolerance to thrips damage or IYSV.
Induced resistance involves complex physiological processes that may incur costs to the induced plants expressed as phytotoxicity or reduced yields. Gent and Schwartz (40) documented a 22 to 27% reduction in onion bulb yield when 10 weekly applications of acibenzolar-Smethyl were made in the absence of disease, although this was 2.5 times the maximum number of applications indicated on the Actigard 50WG label for registered crops. Cole (15) observed mild symptoms of phytotoxicity in tobacco seedlings caused by applications of acibenzolar-S-methyl, but not when the product was applied in the field after transplanting. The phytotoxic effects were overcome by applying a top dressing of calcium nitrate to the seedlings, and Cole suggested diversion of nitrogen or calcium into the SAR initiated metabolism (15) . Further research is needed to determine optimum use of SAR products in onion crops (number, rate, and timing of applications) to maximize control of IYSV and thrips, while minimizing phytotoxic effects. Determining the optimum rate and timing of SAR products is critical for biennial seed crops because of the extended opportunity for IYSV infection during the 14-to 15-month growing season.
Integrated management of IYSV. Effective long-term management of IYSV in onion crops will depend on a multifaceted approach that integrates host resistance, modified cultural practices, and judicious use of chemical tools. An effective integrated management program was developed for tomato spotted wilt of tomato by Momol et al. (80) , in which a combination of UV-reflective mulch, applications of acibenzolar-S-methyl, and applications of reduced-risk insecticides that conserve thrips predators was very effective at managing the disease. Momol et al. (80) stated that tomato growers in northern Florida and southern Georgia (USA) rapidly are adopting these management tools for control of TSWV. Similar efforts are needed to develop economically feasible and practical management options for iris yellow spot and onion thrips in onion crops.
Outlook and Future Directions
Since the original description of IYSV in 1998 (18) , iris yellow spot has become pandemic in regions of onion bulb and seed production. The prolific nature of onion thrips in onion crops, the propensity for thrips to develop insecticide resistance, and the ability of onion thrips to vector IYSV present a serious threat to profitable and sustainable production of onion bulbs and onion seed. However, new knowledge about the biology, epidemiology, and management of iris yellow spot has emerged in a relatively short time, with a significant inventory of research accomplishments. The main vector of IYSV has been identified, insights into the diversity of the pathogen and its relation to other tospoviruses have been determined, alternate weed and crop hosts continue to be reported, and inoculum sources of the pathogen and vector have been identified. Moderate levels of disease resistance have been identified in some onion cultivars, and these may be suitable for commercial production and in breeding programs. Biologically based approaches for onion thrips management also have emerged. Additional research should lead to development of new management strategies so that iris yellow spot can be managed economically in both onion bulb and seed crops.
Short-term research directions. Many basic epidemiological questions on iris yellow spot remain to be addressed. Despite intensive use of insecticides for control of iris yellow spot, the direct relationship between thrips control and reductions in disease incidence and/or severity have not been reported. A critical evaluation of the relationship of thrips control to disease development is needed to provide growers with sound IPM approaches for iris yellow spot. Although inoculum sources of IYSV have been identified, the relative contributions of these sources of inoculum are unclear. Additional overwintering sources and hosts of IYSV likely will be identified, and other vectors may yet be discovered. How long do thrips need to feed on infected plants to become viruliferous or to transmit IYSV? What is the transmission efficiency of different populations of T. tabaci, and what does this indicate about key reservoirs of the pathogen? Asymptomatic infections appear to be common in onion bulb and seed crops, but what is the role of such latent infections in development of iris yellow spot epidemics? What is the minimum isolation distance needed between bulb and biennial seed crops, or between onion and other host crops, to prevent dissemination of the virus, and what insights could this provide on inoculum sources and/or vector dispersal? What relationships exist among abiotic and biotic plant stresses, vector reproduction, and disease severity, and can these relationships be quantified? How do host nonpreference, plant architecture, and other thrips tolerance mechanisms impact primary and secondary spread of IYSV? Perhaps most importantly, how successfully can the disease be managed by integration of biological, chemical, and cultural control tactics?
A pressing research need is to develop management strategies for the disease in onion seed crops. The emerging body of knowledge on iris yellow spot has focused largely on onion bulb crops, and our knowledge of the epidemiology and management of the disease in onion seed crops is minimal. Onion seed crops are biennial with approximately a 14-month season from planting in July to harvest the following year. As a result, one seed crop season can overlap with two 5-to 6-month-long seasons of spring-planted bulb crops. Managing thrips and iris yellow spot over such a long period presents a serious challenge. Additionally, seed growers produce seed crops on a contract basis with seed companies, and generally do not have the choice to select less susceptible parental lines or cultivars. Management tactics developed for bulb crops need to be validated in seed crops, and may require additional measures to provide adequate control of the disease.
Long-term research directions. Longterm management of iris yellow spot likely will depend on development of onion cultivars with high levels of disease resistance. Incorporating iris yellow spot resistance into an onion genotype with the horticultural traits required by growers and consumers is not a trivial undertaking. Artificial inoculation of IYSV in cultivar screening and breeding trials may allow heritable host resistance to be observed under controlled environmental conditions, but disease symptoms are difficult to produce on onion by mechanical inoculation with IYSV (62) . Therefore, research is needed to isolate the genotypic components of disease resistance/tolerance from the complex interactions of thrips host selection, tolerance, uneven thrips distribution, and inherent differences in vigor and yield among genotypes. If other abiotic or biotic plant stresses are superimposed on these interactions, disentangling cause from effect becomes exceedingly difficult. It is possible to select for individuals with fewer or less severe symptoms of iris yellow spot under field conditions, but it may be unclear if the phenotype is heritable or simply the result of experimental conditions imposed by conditions of that trial. Selection by breeders is difficult because resistant individuals or families must be identified recursively for production of subsequent generations. Consequently, cultivars with high levels of resistance likely will not be available in the next 5 to 10 years. In the interim, growers will have to rely on cultivars with moderate levels of resistance or tolerance to iris yellow spot.
One possible approach for developing resistance to IYSV may be through generating transgenic onion lines that express a portion of the IYSV nucleocapsid protein gene. Pathogen-derived resistance has been used successfully for several diseases caused by tospoviruses, and a transformation system for onion has been developed (36) . High levels of resistance could be introduced into cultivars adapted to specific regions, such as the western United States. However, consumer acceptance of genetically modified foods, especially of a vegetable crop consumed directly, remains challenging. It is unlikely that such resistance will be available commercially in the near future.
Development of ecologically based onion production systems that consider the interactions of multiple pests, horticultural practices, and environmental quality should be a long-term research priority. What crop rotation schemes minimize overwintering of the pathogen and vector? Does the type of planting material (i.e., bulbs, seed, or transplants) influence epidemic development? How do other pests respond when planting patterns and populations are modified? What is the economic injury level for thrips when iris yellow spot is a threat, and how does this vary among cultivars? Are insecticides, herbicides, and fungicides used routinely in onion production compatible with biologically based pest management? What cultural and biological tactics can reduce or replace conventional insecticides for thrips management? Researchers and extension specialists are now addressing these and other questions central to the development of sustainable and profitable management strategies for iris yellow spot and thrips.
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